We analyzed the visual functions of two patients (MS, FJ) with bilateral lesion of the primary visual cortex, which occurred at gestational age 33 wk in MS and at postnatal month 7 in FJ. In both patients basic visual functions--visual acuity, contrast sensitivity, color, form, motion perceptionare similarly preserved or modestly impaired. Functions requiring higher visual processing, particularly figure-ground segregation based on textural cues, are severely impaired. In MS, studied longitudinally, the deficits attenuated between the ages of 4.5 and 8 y, suggesting that the developing visual system can display a considerable degree of adaptive plasticity several years after the occurrence of a lesion. In FJ (age 18:9 to 20:6 y), who is more impaired, the recovery, if any, was less.
INTRODUCTION
The consequences of visual cortex lesions in adults have been extensively studied in both humans and animals. In humans, cortical lesions result in permanent deficits, whose nature largely depends on the location and extent of the lesions. For example, selective deficits in the perception of color or motion result from lesions to the cortical areas involved in those aspects of visual perception (Cowey, 1982; Marcar et al., 1997; Clarke et al., 1998) . Most dramatically, primary visual cortex lesions create blind areas called scotomas in the visual field of adult human subjects (Weiskrantz, 1990; Zeki, 1993) . Nevertheless, lesion-induced deficits in adults are by no means absolute. The recovery of function following cortical damage, an important aspect .of cortical plasticity, is the current research focus of many laboratories. A partial reorganization of cortical sensory maps (Merzenich et a|., 1984; Allard et al., 1991;  Recanzone et al., 1993; Darian-Smith & Gilbert, 1994) might be the substrate for functional recovery in the adult brain (see also Safran & Landis, 1999 for references and discussion).
The consequences of cortical lesions sustained early in life are probably even more complex. Although early lesions are generally believed to be better compensated than are late lesions (the so- (C) Moore et al., 1996 , Payne et al., 1996 , this principle has been challenged (Schneider, 1979) . Indeed, the physiological and anatomical consequences of lesions sustained during development depend on factors like the size and location of the lesion and the age at onset of the lesion. In particular, the enhanced degeneration at a distance from the lesion Kisvarday et al., 1997) and the formation of aberrant, maladaptive connections can seriously limit functional recovery after early lesions (Schneider, 1981) . On the other hand, the developing cortex is characterized by impressive numbers of exuberant axonal branches and synapses (Innocenti, 1991 (Innocenti, , 1995 Bressoud & Innocenti, 1999) whose role in lesion-induced reorganization is not clear.
Recent experiments in cats showed that perinatal lesions of the primary visual cortex result in system-wide repercussions on neural circuitry that include the retina, thalamus, midbrain, and extrastriate cortex (reviewed in Payne & Cornwell, 1994; Payne, 1999) . A dramatic plasticity of the developing nervous system has been demonstrated in hamsters and ferrets (Frost, 1986; Metin & Frost, 1989; Sur et al., 1990) , in whom appropriately placed neonatal lesions can route information of one sensory modality into the circuitry of another sensory modality. The results suggest that early lesions induce a complex neuronal reorganization that might reduce, or even prevent, the emergence of deficits. Consistent with this view, an important visual field recovery was reported to occur in a patient with perinatal bilateral occipital lobe damage, some 24 y after the lesion (Ptito et al., 1999) . Nevertheless, whether similar reorganization can be expected in animals and man and if it does, what the functional consequences might be is unclear.
Therefore, we studied two subjects with early lesions of the visual areas: MS, a little girl whose visual function we followed over several years, and FJ, a young man with similar lesions that had occurred about 7.5 mo later than those in the girl.
A comparison of these two patients revealed both similarities and differences in their conditions. The first appear to highlight the general consequences of the early lesions, whereas the second might be related to their different stages of brain maturation at the time of the insult.
In both patients, basic visual functions were only marginally impaired. In contrast, functions requiring higher-order visual processing, such as figure construction or figure-ground segregation based on textural cues, were severely impaired, although in MS they underwent dramatic recovery at an early age. A comparative analysis of these subjects, using neuropsychological and psychophysical measures and physiological investigations with fMRI and EEG, provide some insight into the possible mechanisms of recovery in MS (Knyazeva et Zilles and Clarke (1997) , the lesion appears to correspond to much of areas V l, V2, and V3. V4, which is located in the collateral sulcus (Hasnain et (BJM 1991; 302:1194) and to the Ethical committee of the Institution. (Wechsler, 1996) (Gardner, 1982) , although extremely slowly, keeping her eyes at a few centimeters from the visual stimuli and comparing the different drawings, detail by detail. Interestingly, her performance was low in the three visual subtests that involved form recognition (shape constancy, figure-ground segregation, and closure).
METHODS AND RESULTS

General
At sub-tests of the K-ABC (Kaufman & Kaufman, 1993) , she was especially poor at the magic window)), in which colored drawings of objects are progressively presented through a narrow window, and at the form recognition)), in which partial drawings of objects must be identified. She also had severe difficulties in a Poppel-reuter-like test of overlapping figures, usually managing to identify only one out of the four or five super-imposed line drawings.
At the Birmingham Object Recognition Battery (Riddoch & Humphreys, 1993) Signoret, 1991) , the Visual Retention Test (Benton, 1965) , and the visual memory sub-tests of the TVPS, was good. (02, Lobrot, 1967) . A questionnaire of spatial orientation (Groenveld et al., 1994) did not reveal particular problems.
FJ was tested at the age of 18:6 and 20:6 (Table 1) . At the WAIS-R (Wechsler, 1989) (Hooper, 1983 (Bradley & Freeman, 1982) showing the averaged binocular CSF for a group of 6 children aged 4.5 to 6.5 y. FJ was tested at the age of 18 y, in binocular vision (Fig. 3) . For all the spatial frequencies tested, FJ's sensitivity was significantly lower than that of a normal adult (age 38) tested in exactly the same conditions. The contrast sensitivity curve was displaced toward lower than normal frequencies and practically superimposable to that of MS (Fig.  3) . The extrapolation of the curve to a sensitivity of yields a grating acuity of 13.9 c/deg, which is much lower than that of the normal adult (38.5 c/deg), and slightly lower than that of MS.
Concerning motion, FJ was asked to catch balls and pick up rolling beads during clinical examination and appeared to have no difficulties in this domain.
Experiment 2: Vernier acuity. The stimulus consisted of two vertical line segments. The upper, longer segment remained in a fixed position from trial to trial, whereas the lower segment could be presented either to the right or the left of the upper segment (see the inset of Fig. 4 In FJ, the stimuli, procedure, and analysis were the same as those described above, except that the viewing distance was double that used with MS. Thus, the upper segment subtended 2.8 deg in length and 2.6 min in width, whereas the lower segment had a length of 1.4 deg. The gap between the segments subtended 0.6 min.
MS was tested at ages 4:6, 5 and 8 (Fig. 4 Moreover, FJ's performance was also much worse than that of the three normal subjects aged 4 to 5 y (see Fig. 4 ). Thus, FJ's performance in this task was considerably impaired. In a second examination at age 20:6, FJ had a threshold of 5.2 (+0.8) min.
Experiment 3." Figure- ground segregation. We designed two different tasks requiring line segments to be segregated from background and bound into a figure. In the first, the subject had to determine the orientation of a rectangle whose texture differed from that of the background (the 'rectangle orientation' task). In the second, the subject had to identify a shape formed by coilinear line segments embedded in randomly oriented 'distractors' (the 'shape identification' task). When compared with experiments and 2, these tasks represent a new level of complexity as they require the subject not only to detect the different elements of the stimulus and to judge their relative positions and orientations but also to bind them into coherent ensembles. Fig. 5A , the orientation of the lines was pseudorandomly varied from trial to trial, but the angle between the rectangle's elements and those in the background were kept at 90 deg. The subject had to say whether the rectangle was presented vertically (' standing'), or horizontally ('lying'). We measured the minimal presentation duration necessary for the reliable detection of the rectangle's orientation, which, like the rectangle's position, was pseudorandomly varied from trial to trial. The same task was also performed with figures (the rectangles) defined by other visual attributes.
First variation" small rectangles or triangles replaced the line segments, the first used for the background and the second for the figure (Fig.  5B ). Second variation: the rectangle was defined by segments with a small, subthreshold angle difference from those in the background (10 deg for a 100 ms presentation), and moved (horizontally or vertically) across the screen, while the background remained static.
Third variation' the line segments in the rectangle were oriented as those in the background, but differed in luminance.
Fourth variation' the elements defining the figure were small squares (0.3 deg side), in which the colors differed from those in the background. The squares making the figure and those in the background were of equal luminance. Viewing was always binocular. MS was tested at the ages of 4:6, 5, 5:6 and 8 (Fig.  5C ). MS's thresholds for the stimulus shown in 5A showed a dramatic 70-fold improvement over a period of 1.5 years, followed by a slower recovery.
At the age of 4.5 y, MS could locate the line segments that were oriented differently from background and could identify the orientation of isolated line segments (she could easily detect the smallest deviation from vertical that we could produce on our monitor for a 0.9-deg-long segment). Yet, she was unable to detect the rectangle defined by the iso-oriented line segments, unless she could observe the stimulus for more than 15 sec.
Similarly, she was unable to detect the rectangle defined by elements with different shapes than those in the background (the first variation), even though she could easily identify these shapes presented in isolation. By comparison, normal children (aged 4 to 5 y) achieve correct identification of the target's orientation with presentation times as low as 0.08 sec. For them, the rectangle 'pops out' effortlessly, whereas MS had to serially study individual elements to solve the task.
We reasoned that her difficulties in the figureground segregation task could be attributed to 'crowding' effects. We thus repeated the task with increasing display sizes, in which the inter-element spacing was doubled, but all other parameters were kept constant. Despite the increased inter-element spacing, MS's performance remained the same (the threshold presentation duration remained superior to 10 sec).
At FJ was tested at the age 20:6 (Fig. 6 ). Above 75 distractors, his performance began to deteriorate, and the difficulty rose with the increasing number of distractors, but less than that in MS.
DISCUSSION
The patients Many striking similarities can be seen between MS and FJ. In both patients, the lesions were due to focal ischemic damage secondary to bacterial meningitis early in life. The location of the occipital lesion is similar, involving most of thevisuai cortex along the calcarine sulcus, inclusive of Brodmann's areas 17 and 18, and corresponding to areas VI, V2, and V3 (Zilles & Clarke, 1997 There are also important differences between MS and FJ. The most striking difference is that globally, FJ was more severely impaired in visual tasks than MS. The lesion occurred at a younger age in MS (33 wk, post-conception) than in FJ (7 mo post-natal). The lesion was more severe in the right hemisphere in FJ and in the left in MS. In FJ, the lesion involved non-visual areas that are probably responsible for his cognitive difficulties.
The similarities between these two patients justified their comparative study. The differences, on the other hand, might be useful for understanding the pathogenesis of the deficit and the possible mechanisms of functional recovery (Knyazeva et al., 2002) .
The nature of the deficit The deficits observed in our patients fall within the category of visual agnosia and are close to those associated with 'apperceptive visual agnosia' (Humphreys & Riddoch, 1987; Farah, 1990 (Humphreys & Riddoch, 1987; Warrington & James, 1988; Farah, 1990; Grtisser & Landis 1991; Kartsunis & Warrington, 1991; De Renzi & Lucchinelli, 1993; Mizuno et al., 1996; Grossman et al., 1997, for references), they had the greatest difficulties in recognizing objects from superposed or incomplete line contours, but not when fully drawn and in isolation. (Lamme, 1995; Nothdurft et al., 1999) . PET studies reported an increased activity of the primary and secondary visual areas during a figure-ground segregation task based on texture, rather similar to our rectangle orientation task (Gulyas et al., 1998) .
The involvement of primary visual areas in figureground segregation is evident from a recent fMRl study by Skiera et al. (2000) , who revealed cortical activation of V to motion-, color-, and luminance-defined checkerboards compared with control stimuli without boundaries.
Other areas are also activated in response to motion, color, or texture cues (Gulyas et al., 1994; Skiera et al., 2000; Kastner et al., 2000) . In particular, motion can be processed, presumably in area V5 independent of the integrity of V1 (Barbour et al., 1993; Ffychte et al., 1996) . This observation could explain the preserved perception of moving stimuli in both patients. The deficits in figure perception and figure-background segregation based on textural cues that we found in our patients support the hypothesis that areas 17 (and possibly 18) are crucially involved in figure perception and in figure-background segregation based on textural cues.
There are at least two plausible and nonmutually exclusive neuroanatomical/neurophysiological substrates for figure perception and figurebackground segregation: i) One substrate consists of the feedback projections from higher-order to lower-order visual areas, in particular V4 (Lamme, 1995; Nothdurft et al., 1999; Kasmer et al., 2000) . Presumably these projections contribute to creating neuronal assemblies in lower-order visual areas by transmitting perceptual templates generated by experience-dependent processes in specialized signal-analyzing neurons in higher-order areas. i) The second is the network of horizontal connections in area 17, particularly those between cortical columns sensitive to the same stimulus orientation (Gilbert, 1992; 1998 for review). These connections conform to Gestalt principles of collinearity (Bosking et al., 1997; Schmidt et al., 1997) and are involved in establishing coactive neuronal assemblies (discussed in Brosch et al., 1997; Roefelsma & Singer, 1998) .
Such assemblies include neurons in the two hemispheres connected by the corpus callosum (Engel et al., 1991; Munk et al., 1995; Novak et al., 1995) . In MS, the deficit in contrast sensitivity remained almost stable for more than 4 y. It is tempting to ascribe this deficit to the probable partial degeneration of ganglion cells that follows the cortical lesion, as described in animals (see for example, Cowey et al., 1982; Kisvarday et al., 1991 ).
That a similar degeneration occurred in MS is suggested by the partial atrophy of the optic nerve, revealed by ophthalmological examination. Similar atrophy of the optic nerve in cases of early lesions of the visual cortex, and/or occipital periventricular leukomalacia has been reported before (Jacobson et al., 1997) .
In contrast, the analysis of visual functions that are dependent on cortical mechanisms provides a striking example of the visual system's adaptive developmental plasticity. At the age of 4 y, MS had severe deficits in Vernier acuity and was unable to achieve simple figure-background segregation. Within y, her performance in the Vernier task had improved by a factor of 2, above that which could be expected from normal maturation (Carkeet et al., 1997) . Even more marked was her recovery in the figure-ground segregation based on textural features, which improved by a factor of 100 within 4 y. This improvement in her psychophysical performances was paralleled by changes in her daily visual behavior, as related by her schoolteachers and vision therapist, and the quality of her spontaneous drawings. According to these sources, MS started to rely more and more on visual information to guide her behavior. We also assume, on 
